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Abstract

Wagner, Peter D. Operation Everest II. High Alt. Med. Biol. 11:111–119, 2010.—In October 1985, 25 years ago,
8 subjects and 27 investigators met at the United States Army Research Institute for Environmental Medicine
(USARIEM) altitude chambers in Natick, Massachusetts, to study human responses to a simulated 40-day ascent of
Mt. Everest, termed Operation Everest II (OE II). Led by Charlie Houston, John Sutton, and Allen Cymerman, these
investigators conducted a large number of investigations across several organ systems as the subjects were grad-
ually decompressed over 40 days to the Everest summit equivalent. There the subjects reached a _VVo2max of
15.3 mL/kg/min (28% of initial sea-level values) at 100 W and arterial Po2 and Pco2 of *28 and *10 mm Hg,
respectively. Cardiac function resisted hypoxia, but the lungs could not: ventilation–perfusion inequality and O2

diffusion limitation reduced arterial oxygenation considerably. Pulmonary vascular resistance was increased,
was not reversible after short-term hyperoxia, but was reduced during exercise. Skeletal muscle atrophy oc-
curred, but muscle structure and function were otherwise remarkably unaffected. Neurological deficits (cog-
nition and memory) persisted after return to sea level, more so in those with high hypoxic ventilatory
responsiveness, with motor function essentially spared. Nine percent body weight loss (despite an unrestricted
diet) was mainly (67%) from muscle and exceeded the 2% predicted from energy intake–expenditure balance.
Some immunological and lipid metabolic changes occurred, of uncertain mechanism or significance. OE II was
unique in the diversity and complexity of studies carried out on a single, courageous cohort of subjects. These
studies could never have been carried out in the field, and thus complement studies such as the American
Medical Research Expedition to Everest (AMREE) that, although more limited in scope, serve as benchmarks
and reality checks for chamber studies like OE II.
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Introduction

In the fall of 1985, almost exactly 25 years ago, Charlie
Houston, John Sutton, and Allen Cymerman (as principal

investigators) convened a group of 9 young, adult, normal
male volunteer research subjects and 27 scientific investiga-
tors (Houston et al., 1991) at USARIEM, in Natick, Massa-
chusetts. One investigator was Jack Reeves, who played an
especially prominent role in the execution of what was to
become known as Operation Everest II (OE II). They are
shown in Fig. 1 together with Richard Riley, who was, along
with Charlie Houston, a central figure in OE I, the predecessor
to OE II. Sadly, Richard, Charlie, John, and Jack have left us,
and this review is written in their honor.

The objective of OE II was to study a wide array of human
biological responses along the way to, and then at, extreme
simulated altitude as the subjects were gradually decom-
pressed to a barometric pressure giving the equivalent in-

spired Po2 of the summit of Mt. Everest, about 43 mmHg. The
decompression profile is shown in Figure 2.

OE II investigators studied cardiovascular, respiratory,
metabolic, muscle, hematological, immunological, and neural
responses (awake and asleep) in the 8 subjects. To date, these
studies have resulted in at least 33 primary peer-reviewed
research papers and 15 (16 if the present effort is included)
reviews.

Unique elements of OE II

Given that there have been many research studies at high
altitude carried out by many groups of investigators, both
before and since, perhaps the primary question is what was
unique about OE II. The uniqueness lies in two factors: (1) the
remarkable breadth of interdisciplinary studies conducted
both in parallel and in series by the large number of
researchers on the same subject cohort and (2) the ability
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to make so many invasive and/or technically demanding
measurements requiring catheter placement, tissue biopsy,
complex electrical signal acquisition, and the like. The
resulting accomplishments of OE II could never have been
made in the field. For example, placement of both a systemic
arterial and pulmonary arterial catheter was accomplished,
allowing blood sampling and pressure measurements to be
performed during maximal exercise, not just at sea level at the
start of OE II, but also at intermediate stops: P

B
347 mmHg

(*20,000 ft, *6100 m); PB 282 mmHg (*25,000 ft, *7600 m);
and the summit equivalent: PB 253 mmHg (*29,000 ft,
*8848 m). Stated altitudes are from the International Civil
Aviation Organization (ICAO) tables and are slightly lower
than occur on Mt. Everest at the same PB (West et al., 1983).
Actual chamber barometric pressure on the ‘‘summit’’ was set
to only 240 mmHg to compensate for the presence of an Fio2

in the chamber of 0.22. This was done to keep chamber Pio2 at
43 mmHg, equal to the actual summit PB of 253 mmHg
breathing air. For simplicity in this review, ‘‘summit’’ PB in OE
II will be referred to as 253 mmHg.

Chamber studies and field expeditions

It is probably useful to deal here with the inevitable argu-
ment about chamber versus field studies of altitude-related
physiology and then to set that aside to allow focus on what OE
II achieved. There is no denying that field studies examine the
‘‘real thing.’’ They encompass multidimensional insults to the
body: hypoxia, exercise, cold, wind, stresses such as anxiety,
fear, potential nutritional insufficiencies, potentially inter-
rupted sleep, coping with injuries, illnesses, and so on. Rewards
of course occur as well: the sense of accomplishment, the ben-
efits of camaraderie, and the inherent beauty of the mountains.
The insults additional to hypoxia may well affect the primary
research, which focuses mostly on hypoxia, and produce results
that might be different from those at similar hypoxic levels,
where the above additional stresses might differ. They
(weather, injury, illness) may even result in failure of the ex-
pedition. Additionally, not all subjects can make the summit of
Everest breathing only ambient air, and time spent breathing
oxygen may give rise to intermittent hypoxic exposure that may

FIG. 1. Left to right: Charlie Houston, Jack Reeves, John Sutton, Richard Riley, and Allen Cymerman. Photos all taken at
USARIEM during OE II, October 1985.

FIG. 2. Decompression schedule showing simulated altitudes (calculated from the ICAO standard atmospheric pressure–
altitude relationship) as a function of time.
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produce separate physiological effects not encountered in
chamber studies, where ambient air is always breathed. Simi-
larly, in field studies requiring ascents and descents before the
summit is reached, altitude is not gained in a monotonic fash-
ion, and this too may alter the kinetics of response compared
with what would be seen in a steadily progressive ascent. That
said, in OE II, some nights involved slight ‘‘descent.’’

Chamber studies generally simulate only the hypoxia. To a
lesser extent, they include highly regulated exercise, different
from climbing, on an ergometer in a cramped environment,
and different stresses: suffering the intrusions of a horde of
investigators (who are bent on catheterizing, sampling, and
measuring all they can with procedures that have potential
risk), boredom, forced close contact with fellow subjects, and
confinement within a small, sealed chamber. There is no
climbing accomplishment, and the beauty of the mountains is
certainly absent. On the other hand, there is a bed to sleep on,
a toilet to sit on, showers, good food always at hand, and, in
case of illness, the chamber door can be opened and the
subject managed within seconds. The real benefit in chamber
studies is that vastly more complex research can be performed
than could be managed in the field and that control of extra-
neous factors such as cold or injury can be assured.

Field and chamber studies clearly have their pros and
cons. This writer believes in their complementarity: both are
valuable. To the extent that hypoxia dominates the findings,
they can be similar, but the other differences need to be al-
lowed for when results are examined. For OE II, a limitation
as a chamber study was the speed of decompression. As
Fig. 2 shows, subjects ‘‘summited’’ within 40 days, quite a bit
faster than the ascent profile used in AMREE. One conse-
quence of the rapid decompression profile in OE II was that,
when passing through 20,000 ft, most subjects developed
evidence of high altitude pulmonary edema (HAPE), and the
‘‘ascent’’ had to be interrupted with nighttime ‘‘descents’’
until subjects returned to normal. Time-dependent altitude
responses may well have been affected by the rapid sched-
ule, and, indeed, much has been written about the likely
lesser degree of ventilatory acclimatization in OE II than in
actual Everest ascent studies such as AMREE, described in
this volume by Dr. West (West, 2010). That said, it will be
pointed out later in this review that the similarities seem
greater than the differences for many variables. Another
limitation of OE II was that, because of the frequent need for
taking blood by many of the investigators, the hypoxia-
induced increase in Hb concentration was somewhat atten-
uated, average values increasing from 13.3 to only 16.9 g/dL
(Groves et al., 1987). In AMREE, for example, Hb concen-
tration averaged 18.4 g/dL at 8050 m (n¼ 2) (Winslow et al.,
1984). To the extent that high hemoglobin at altitude is
physiologically beneficial, which is not necessarily agreed to
be the case (Calbet et al., 2002), OE II probably produced
conservative results, especially in the context of maximal
exercise and cardiac function.

Suffice it to say that OE II produced many historic firsts, and
these and other important findings are now highlighted, with
apologies to the original authors, in the remainder of this re-
view. The order of presentation should not be assumed to re-
flect relative importance; further, it should be recognized that it
is not possible within the allotted space to describe any of the
results in detail or how the changes progressed with every step
of increasing decompression. Indeed, not every finding can be
discussed here. The focus will generally be on the most positive

and novel findings, especially at the summit equivalent. Fif-
teen of the 30 primary research publications generated by OE II
are cited in the text; the remaining 15 appear separately in the
reference list along with 5 review articles.

Exercise capacity

As has been known for many years, exercise capacity,
measured as _VVo2max, falls progressively with altitude. In the
moderately fit OE II subjects, Vo2max declined from an av-
erage of 4.13 L/min (49.1 mL/kg/min) at 370 W at sea level to
1.17 L/min (15.3 mL/kg/min) at 100 W at the ‘‘summit.’’
Figure 3 shows the pattern of decline. The data are remarkably
close to those of Pugh and colleagues (1964) across the entire
altitude domain. At extreme altitude, the data are also indis-
tinguishable from those of AMREE (West et al., 1983), although
the AMREE subjects had higher sea-level values of _VVo2max.

At the ‘‘summit’’, _VVo2max was just 28% of initial sea-level
values, indicating a loss of 72% in exercise capacity. Most but
not all of this is owing to the direct effect of hypoxia on oxygen
transport. However, some is caused by loss of muscle mass
and possibly loss of fitness after being confined to a small
pressure chamber for 40 days. _VVVo2max at sea level was
measured within hours of ‘‘descent’’ and found to be 3.30 L/
min (42.5 mL/kg/min), which is 80% of the prestudy values.
This gives insight into the relative contributions of direct
hypoxic effects versus these other factors, because direct
effects would be instantly reversible on descent, whereas the
other factors would take time and probably retraining to
recover. Thus, compared with immediate post-OE II values,
hypoxia equivalent to the Everest summit reduced _VVVo2max
by 64%, explaining all but about 10% of the 72% loss from the
prestudy values indicated above. Thus, loss of fitness and/or
muscle mass during the 40 days was a minor contributor to
reduced exercise capacity.

FIG. 3. Maximal O2 uptake against inspired Po2. Open
circles: OE II data superimposed upon the relationship de-
picted in West (2010).
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Left ventricular function

It is well known that cardiac output at maximal exercise is
lower in chronic hypoxia than at sea level. This was found in
OE II also. At maximal exercise at PB¼ 760, 347, 282, and
253 mmHg, cardiac output averaged 24.2, 20.3, 15.9, and
16.1 L/min, respectively (Sutton et al., 1988). Regarding the
similarity of data at the two highest altitudes, recall that the
measurements at 253 mmHg occurred within 1 h of leaving
282 mmHg and thus represent an acutely added degree of
hypoxia. Values at 347 and 282 mmHg, on the other hand,
reflect data after several days at these altitudes.

In OE II, we attempted to investigate, at least in part, the
cause of this fall in maximal cardiac output. Potential expla-
nations include (1) hypoxic ventricular dysfunction, (2) re-
duced venous return (potentially from hypovolemia) and thus
lower ventricular filling pressures, (3) altered autonomic input
to the heart, or (4) reduced demand for blood flow secondary
to reduced O2 demand from other effects of hypoxia on O2

transport. Figure 4, using data from Reeves and colleagues

(1987), shows that, whether related to left or right atrial pres-
sures as estimates of their respective ventricular filling pres-
sures, cardiac output is if anything higher, and not lower, at
any given filling pressure as altitude is gained. The same is
found when stroke volume is examined rather than cardiac
output. This occurs in the face of increasing average systemic
vascular resistance with increasing altitude (Reeves et al.,
1987). In fact, using echocardiography, Suarez and colleagues
(1987) found that ventricular function at all altitudes was
similar to that at sea level, or even slightly enhanced.

No interventions with fluid volume expansion or auto-
nomic interruption were done in OE II to directly explore the
possible roles of reduced filling pressures or altered auto-
nomic control, respectively, but the data clearly showed that
cardiac function was not at all impaired at any altitude. Thus,
hypoxic impairment of cardiac function was not seen and
cannot explain the reduction in maximal cardiac output. In
this chamber study with good nutritional support, hypovo-
lemia sufficient to reduce cardiac output by one-third seems
unlikely, and other studies have shown that restoring the re-
duced maximal heart rate to sea-level values by vagal inhi-
bition (Boushel et al., 2001) does not increase maximal cardiac
output at altitude. This leaves the most likely explanation as
hypothesis (4) above: reduced metabolic demand. What is
clear is that the heart functions well at an arterial Po2 of less
than 30 mmHg even during exercise.

Right ventricular function and pulmonary
vascular responses

Right ventricular function was also well preserved at alti-
tude in spite of substantial pulmonary arterial hypertension
(e.g., mean pressure 34 mmHg at PB 282 mmHg (Groves et al.,
1987). Right ventricular filling pressures were not elevated,
and there was no evidence of right heart failure.

FIG. 4. Cardiac output from rest to exercise as a function of
left and right atrial mean pressures (mean data). With in-
creasing altitude, there is no suggestion that cardiac output is
lower at any filling pressure. If anything, the opposite is seen
(Reeves et al., 1987).

FIG. 5. Mean values for pulmonary vascular resistance
(PVR) at rest and exercise as a function of altitude (re-
presented by air-breathing alveolar Po2). PVR is unrespon-
sive to 100% O2 at altitude, both at rest and during exercise,
but is lower during exercise at each altitude. The reduction in
PVR on the ‘‘summit’’ compared with 282 mmHg appears
consistent, but remains unexplained (Groves et al., 1987).
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Hypoxic pulmonary vasoconstriction is a well-established
consequence of altitude, resulting in pulmonary arterial hy-
pertension and, eventually, right ventricular hypertrophy.
Pulmonary vascular resistance indeed rose progressively with
altitude (Fig. 5), except during the acute hypoxic change from
PB 282 mmHg to the ‘‘summit’’ at PB 253 mmHg, which, as
explained, happened over the course of 30 min. This was
found both at rest and during exercise. Acute (about 30 min)
administration of 100% O2 failed to alter pulmonary vascular
resistance (PVR) at rest or during exercise, yet just a few
minutes of exercise itself clearly lowered PVR. This may be
because hypoxic remodeling of small pulmonary arteries is not
rapidly reversible by oxygen breathing, whereas, during ex-
ercise, pulmonary capillary recruitment and distension occur
and allow resistance to fall. The curious drop in PVR under all
conditions on the ‘‘summit’’ (Fig. 5) was unanticipated and
remains unexplained. One hypothesis is that altered auto-
nomic function following further hypoxia associated with
acute decompression to the ‘‘summit’’ is somehow involved.

Pulmonary gas exchange

Pulmonary gas exchange can be examined in several
ways. The major response to hypoxia is well known to be
hyperventilation, and the degree of hyperventilation is re-
flected in alveolar Po2 and Pco2. Figure 6 shows the OE II
data for these two variables under resting conditions (Sutton
et al., 1988) superimposed on the equivalent figure from
West (2010). At sea level, the OE II subjects hyperventilated,
likely because the data were collected immediately before
the subjects were to undertake a graded exercise test to
Vo2max. This probably explains the lower Pco2 than in the
other data shown in the Fig. 6. However, as Fig. 4 also shows,
at all altitudes except that at the ‘‘summit,’’ OE II data are
indistinguishable from those of both AMREE and Rahn and
Otis (1949). Of interest, it can be seen that on the OE II
‘‘summit’’ alveolar Po2 was slightly lower and Pco2 slightly
higher than found in AMREE. The pattern of alveolar gas
tensions across all studies in Fig. 4 suggests that the rapid

decompression schedule of OE II did in fact not measurably
impair the resting ventilatory response to hypoxia up to
7600 m. As regards the summit data, it should be noted that in
AMREE the data were obviously collected only after the sub-
ject had reached the summit, having taken many hours, used
supplementary O2, and expended much effort. In OE II, the
‘‘summit’’ data were obtained after a roughly 30-min decom-
pression from P

B
282 mmHg (7600 m) throughout which the

subjects were at rest, breathing ambient air. It should also be
pointed out that it is well known that the range of hypoxic
ventilatory responsiveness in the normal population is wide.
Thus, since both data sets come from small subject numbers
and were collected following very different ‘‘ascent’’ histories,
the summit differences should not be overinterpreted. In ad-
dition to alveolar Po2 and Pco2 measurements, both hypoxic
and hypercapnic ventilatory responses were assessed during
ascent to PB¼ 305 mmHg and found to be exaggerated as al-
titude was gained (Schoene et al., 1990).

Gas exchange is also affected by ventilation–perfusion
( _VVa/ _QQ) inequality, which was directly assessed in OE II
(Wagner et al., 1987b). The basic parameter of inequality used
is the second moment of the Va/Q distribution, called LOG
SDQ. In normal resting subjects at sea level, LOG SDQ aver-
ages 0.30 to 0.45, with the 95% upper confidence limit at 0.60
(Wagner et al., 1987a). In the OE II subjects, resting LOG SDQ
on the ‘‘summit’’ averaged 1.0. Put in perspective, this is the
value expected in patients with moderate lung disease. In-
equality increased with exercise at each altitude studied, and
in some, exercise LOG SDQ was extraordinarily high at over
2.0, a level previously seen only in patients in respiratory
distress and failure in an intensive care unit. It is hard to
imagine anything except high altitude pulmonary edema as
the explanation for this marked _VVa/ _QQ inequality. However,
even marked inequality at extreme altitude has little effect on
the alveolar–arterial Po2 difference owing to the shape and
slope of the O2–Hb dissociation curve (Wagner, 2001).

Finally, alveolar–capillary diffusion limitation has been
predicted to have a major effect on O2 transfer and arterial
saturation, increasing as altitude is gained (West and Wagner,
1980). This was indeed found to be the case in OE II (Wagner
et al., 1987b), where on the summit at maximal exercise,
diffusion limitation accounted for almost all the 6-mm Hg
alveolar–arterial Po2 difference (AaPo2). Although 6 mmHg
may seem small, arterial Po2 was just 28 mmHg (alveolar
therefore being 34 mmHg), resulting in about a 15% reduction
in arterial O2 saturation.

As a result of alterations in Pio2, _VVa/ _QQ inequality, and
diffusion limitation, directly measured arterial Po2 and Pco2

at rest on the ‘‘summit’’ were 30.3 and 11.2 mmHg, respec-
tively (n¼ 6). During exercise at 60 W, they were 27.8 and
10.7 mmHg, respectively (n¼ 5), and at 120 W, they were 27.6
and 9.6 mmHg, respectively (n¼ 3). These incredible numbers
leave one unable to imagine what the lowest nondamaging
arterial Po2 might be in humans, given enough time to ‘‘ac-
climatize.’’ Note in this issue that Grocott and colleagues
(2010) report on arterial blood gas measurements in the
Caudwell Xtreme Everest Expedition and found mean values
of 24.6 mmHg (Po2) and 13.3 mmHg (Pco2) at 8400 m on de-
scent from the summit. Po2 was lower and Pco2 was higher
than found during OE II, but the small subject numbers (n¼ 4)
and different circumstances (extreme effort on the real climb,
intermittent use of supplemental O2) make it difficult to
interpret small differences.

FIG. 6. O2–CO2 diagram showing alveolar Po2 and Pco2

with increasing altitude. Open circles: OE II data super-
imposed on the relationship depicted in West (2010).
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Acid–base balance

Although not a major focus of OE II, acid–base changes
with altitude were examined in the course of exercise studies
when arterial catheters were in place (sea level and altitudes
corresponding to PB 429, 347, 282, and 253 mmHg). Measured
arterial pH at rest did not rise as much as suggested by
AMREE data, which infer a summit pH of between 7.7 and 7.8
based on measured values of alveolar Pco2 and base excess
(West, 2010). At sea level and the above four altitudes, resting
arterial pH values averaged 7.43, 7.46, 7.50, 7.53, and 7.56
(Sutton et al., 1988). Corresponding values of base excess were
�1, �4, �5, �9, and �9 mEq/L. Except at the summit, the
reasons for any differences in arterial pH between OE II
measurements and AMREE predictions cannot lie in different
arterial Pco2 values (see Fig. 6) and so must reflect differences
in renal compensation. However, the summit differences may
be contributed to by higher Pco2 (of 11 mmHg) in OE II. Had
arterial Pco2 been 8 mmHg as in AMREE, measured pH
would have been around 7.65, rather than 7.56, as measured.
However, this is still somewhat less than the AMREE
prediction.

Peripheral gas exchange

Peripheral gas exchange was not a topic of research pro-
posed for OE II. Nonetheless, it was remarkable to find how
high mixed venous Po2 (Pvo2) was during maximal exercise
at altitude. At sea level, Pvo2 was 18.5 mmHg at _VV o2max. On
the ‘‘summit,’’ it was still 13.8 mmHg. In part, this may have
reflected a higher Po2 in venous blood returning from tissues
other than heart and muscles, but it is hard to imagine that this
can explain all the residual O2 in mixed venous blood. A
chance observation that has led to the development of a
comprehensive treatment of peripheral O2 exchange in mus-
cle (Wagner, 1996) would never have been made without
measurement of mixed venous Po2 values at _VVo2max at sev-
eral altitudes as OE II progressed, a data set never before
available. It was found that with increasing altitude not only
did _VVo2max fall progressively, but so too did Po2 of mixed
venous blood (Pvo2). This per se may not seem surprising, but
what caught our attention was that the drop in Pvo2 was
closely proportional to that in _VVo2max. Since Pvo2 can be
taken to reflect the diffusion gradient for O2 between muscle
blood and muscle mitochondria, the proportional relationship
was proposed as evidence that diffusive movement of O2

between blood and mitochondria in muscle was diffusion
limited, thus contributing to limitation of _VVo2max at altitude.
This hypothesis spawned an entire new research program
that has indeed confirmed the importance of muscle O2

transport limitation by diffusion as a major factor limiting
maximal _VVo2 in health, both at sea level and at altitude (also
explaining the high Po2 values in venous blood) ( Roca et al.,
1989; Hogan et al., 1991; Richardson et al., 1998).

Skeletal muscle function

The great interest in O2 transport at altitude occurs partly
because of the O2 needs of the skeletal muscles, which need O2

to allow climbing in the first place. Thus, studying skeletal
muscle adaptation to extreme altitude became a focus of OE II.
Green and colleagues (1989b) biopsied vastus lateralis at sea
level pre-OE II, at PB 380 and also 282 mmHg, and finally post-
OE II at sea level. Somewhat surprisingly, they found no

change in major muscle metabolic enzyme maximal activities
from pre-OE II to 282 mmHg, equivalent to *7600 m or
*25,000 ft. Enzymes assessed reflected the major pathways:
fatty acid b-oxidation, glycogenolysis, glycolysis, the citric
acid cycle, glucose phosphorylation, and high-energy phos-
phate transfer. However, the data obtained on return to sea
level indicated significantly lower activities for several of the
key enzymes, and examination of the progression of enzyme
activities over the entire project reveals changes that allow one
to suggest that there may have been increased activity levels
of some enzymes at the first altitude measured (PB

380 mmHg), which then fell with increasing altitude and time.
This is a hypothesis, not a conclusion. However, the findings
are greatly complicated by the lessening physical activity of
the subjects as altitude was gained. There is thus a combina-
tion of progressive hypoxia, less activity over time, and al-
kalosis as well. To determine whether the hypoxia of extreme
altitude alone alters metabolic potential would require a
control group matched for physical activity and acid–base
state at the least. Green and colleagues (1989b) also found that
extreme altitude did not lead to differences in glycogen stores
or usage during exercise and that exercise-induced reductions
of adenosine triphosphate (ATP) and creatine phosphate
(high-energy compounds) were similar between sea level and
extreme altitude.

OE II was a unique opportunity to gain further insight into
the lactate paradox (the observations that, in spite of extreme
hypoxia, blood lactate at a given exercise level rises less after
spending time at altitude than immediately on ascent, and
that blood lactate levels at exhaustion are progressively lower,
and not higher, as altitude is gained). From muscle biopsies, it
was found that muscle lactate levels at exhaustion were
greatly reduced at altitude, compatible with lower power
outputs (Green et al., 1989a). Thus, low blood lactate levels
appear to reflect low muscle lactate levels.

Muscle structure was affected (MacDougall et al., 1991).
The cross-sectional area of both type I and II fibers was sig-
nificantly reduced, compatible with the well-known propen-
sity for loss of muscle mass and body weight at extreme
altitude. Muscle capillary density was increased, but only as a
result of the loss of fiber area. The number of muscle capil-
laries was not altered. This is surprising insofar as muscle
angiogenesis is believed to be driven at least in part by
hypoxia-sensitive genes such as VEGF, possibly activated by
HIF-1a (Forsythe et al., 1996).

Neuromuscular function was also studied in OE II (Garner
et al., 1990) using a small- muscle mass group (ankle dorsi-
flexors). Effects of extreme altitude were mild to nonexistent,
with force generation capacity and neuromuscular transmis-
sion preserved. There was evidence of slightly greater muscle
fatigability.

In all, muscle changes other than loss of muscle mass were
surprisingly mild or absent.

Neurological function

Although neuromuscular function was preserved (see
above), neuropsychological testing revealed clear deficits re-
sulting from exposure to extreme hypoxia in OE II. Hornbein
and colleagues (1989) found persisting visual and verbal long-
term memory deficits after subjects had returned to sea level.
A provocative finding, also noted by Hornbein to be evident
in the AMREE data, was that subjects with higher hypoxic
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ventilatory responsiveness displayed greater neuropsycho-
logical deficits. This was not expected, as higher ventilation
should lead to greater arterial and thus cerebral oxygenation.
However, Hornbein proposed that the greater degree of hy-
pocapnia associated with higher ventilation may have caused
sufficient cerebral vasoconstriction to more than offset the
higher arterial Po2 and thus reduce overall cerebral O2

availability. This remains to be settled. Kennedy and col-
leagues (1989) also studied central nervous system function
during OE II and found cognitive impairment (impaired
pattern comparison and grammatical reasoning). Motor
function was minimally affected. Finally, also in OE II,
Kobrick and colleagues (1988) found visual contrast sensi-
tivity unaffected by altitude.

Immunological function

A variety of in vivo and in vitro immune alterations were
identified from 7 subjects during the ascent in OE II. Peripheral
blood IgA and IgM immunoglobulin levels were increased at
25,000 ft, whereas in vitro peripheral blood mononuclear cell
spontaneous and pokeweed mitogen-stimulated IgG/A/M
production was unchanged. Spontaneous and stimulated in
vitro production of interferon and natural killer (NK) cytotox-
icity against the K562 cell line was unimpaired, and no increase
in the generation of antinuclear antibodies was observed in the
peripheral blood from any subject. Mucosal immunity was
unimpaired, as determined by nasal pharyngeal washing
measurements of IgA and lysozyme levels. In contrast, signif-
icant impairment of in vitro T cell function was documented by
a 50% reduction in PHA-stimulated protein synthesis at 24 h of
culture, followed by a 33% reduction in proliferation by 72 h by
thymidine uptake. Simultaneous peripheral blood mononu-
clear cell subset analysis by flow cytometry indicated an
increase in circulating monocytes without changes in B cells or
T cell subsets. These findings suggest hypoxic exposure most
likely alters normal immune regulation and function, T cell
function more than B cell, or mucosal immunity through un-
identified stress-mediated alterations in normal adaptive im-
munity, possibly mediated by monocyte-derived cytokines.
Similar in vivo and in vitro immunologic alterations have been
observed from subjects exposed to other environmental
stressors, including space flight and military and mountain-
eering expeditions (Meehan et al., 1992; Meehan et al., 2001).

Metabolic and hormonal responses; nutrition
and body composition

It has long been known that spending time at extreme
altitude results in loss of body weight. This may come from
reduction in fat mass, fat-free mass, or both, and causative
factors may include hypoxia, poor diet, malabsorption,
increased physical activity, dehydration, or stresses such as
those mentioned in the introduction. In OE II, some of these
factors could be excluded. Rose and colleagues (1988)
showed that subjects lost 9% of their body weight on a
palatable ad lib diet that included more than 3000 kcal/day
of their favorite foods. In spite of food availability, intake fell
progressively and substantially with altitude, from 3136 to
1789 kcal/day. However, even this reduction in intake, given
the levels of physical activity (*715 kcal), should have
caused only a 2% weight loss, according to Rose. Dehydra-
tion can contribute to weight loss, but a rough fluid balance
study (fluid intake vs. urine output) showed the subjects

were maintaining hydration; but fluid losses from feces,
hyperventilation, and excessive sweating were not mea-
sured. Computed tomography scans showed most of the
weight was lost from fat-free (67%) sources, especially
muscle. Malabsorption was not assessed, but these data
suggest that hypoxia alone explains the majority of the
findings.

Young and colleagues (1989) measured plasma lipid and
certain hormonal profiles and found substantial changes over
the course of OE II, although their mechanisms, significance,
and longevity remain to be established. Fasting cholesterol
levels fell by about 30% and triglyceride and insulin levels
increased twofold, without changes in glucagon. Nor-
epinephrine levels increased by a factor of 3 (with no change
in epinephrine). We can only speculate that increased
metabolism might have caused the weight loss.

Conclusions

In conclusion, OE II was a remarkable study, unique in its
breadth and depth of topics studied and methods used. We
found that at extreme altitude the heart does well, but the
lungs do not (although the lungs can still support massive
hyperventilation, there is substantial ventilation–perfusion
inequality and, during exercise, diffusion limitation). Renal
compensation for hypocapnia is far from complete after
40 days of progressive hypoxia. The muscles atrophy, ac-
counting for most of the weight loss, but the hypoxia does
not promote muscle angiogenesis or metabolic adaptations
sufficient to overcome the loss of oxygen. The blood shows
evidence of altered lipid metabolism and immune function.
Cognitive function is impaired, but at the end of the day,
normal subjects can still function and even exercise at 100 W
(the equivalent of a moderately slow horizontal walk at sea
level), in spite of an arterial Po2 of less than 30 mmHg.
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